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Andrew M. Derrington and Ben S. Webb
A single retinal output neuron transmits to primary
visual cortex through multiple pathways with different
strengths. A new study in which activity was simulta-
neously recorded in pairs of retinal and cortical
neurons provides evidence that these pathways con-
verge on a single cortical neuron.
It is over 40 years since Hubel and Wiesel [1] opened
up the visual cortex with the discovery that its cells’
receptive fields are made up of elongated, mutually
antagonistic zones. Each zone sums the light falling
on it to generate an excitatory or inhibitory effect on
the cell. The shape and layout of the zones and their
mutual antagonism endow the cell with a high degree
of selectivity for oriented lines or edges. The best
stimulus for the cell is one that simultaneously lights
up the excitatory zones and darkens the inhibitory
zones of the receptive field [1,2].
Cortical receptive fields, with their elongated
subregions, are very different from the circular receptive
fields found earlier in the visual pathway. The antago-
nistic subfields of retinal and lateral geniculate recep-
tive fields are concentric, with a centre — within which
light can be excitatory or inhibitory — and an opposed
surround. This raises the question: how is a cortical
receptive field constructed from its input? There are
two possibilities (Figure 1). First, the cortical receptive
fields are simply cortical manifestations of the centres
and surrounds of the receptive fields of retinal neurons.
Second, the subregions of a cortical cell’s receptive
field are formed from scratch in the cortex, by combin-
ing inputs from separate sets of receptive fields whose
centres have opposite polarities.
Although in principle this question can be addressed
indirectly by comparing measurements of receptive
field transfer functions at different levels of the pathway
[3], it is very hard to attack it head on. Untangling the
kilometres of wiring in every cubic millimetre of cortex
makes it very difficult to trace the connections anatom-
ically. However, the question has now yielded to a com-
bination of neurophysiology and statistics. Kara and
Reid [4] have shown, in a heroic series of physiological
experiments, that cortical subfields are formed from the
centres of retinal receptive fields.
The experiment sounds straightforward enough. It
involves recording simultaneously from a simple cell in
layer IV of the cortex and from the retinal ganglion cells
that provide the input to the cortical receptive field.
Retino-cortical connections can be identified by cross-
correlating the streams of action potential spikes from
paired retinal and cortical recordings. Extra spikes in a
cortical cell that occur a fixed time after each spike in a
retinal cell indicate that there is a direct disynaptic con-
nection between those retinal and cortical cells. This is
actually very difficult to do. Fortunately, the difficulties
in the experiment highlight an interesting aspect of the
design of the pathway from retina to the primary visual
area V1.
If the divergent pathways through the lateral geni-
culate nucleus converge in the cortex, there could be
strong connections between individual retinal output
neurons and cortical cells. In principle, reconvergence
in the cortex would allow the divergence between retina
and the lateral geniculate nucleus to act as an amplifier
at the level of the cortex, by providing several synchro-
nous geniculate spikes arriving in the cortex from a
single spike leaving the retina [5,6,11,13,14]. On the
other hand, if the different geniculate targets of a given
retinal neuron project to different cortical targets the
links between retina and cortex could be undetectable. 
Kara and Reid’s [4] experiment yielded 284 pairs of
simultaneously recorded retinal and cortical cells.
Fewer than half the pairs (116) generated enough
spikes to make it possible to test for a connection
between retina and cortex. Of those 116 pairs, 12% (14)
were detectably connected. The data from these con-
nected cell pairs shed an interesting light on the origin
of cortical receptive fields, but more interestingly they
hint at a role for the lateral geniculate nucleus in ampli-
fying retinal signals en route to the cortex.
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Figure 1. Cortical receptive fields.
Cortical receptive fields (A) are composed of elongated
subunits. The action of light in different parts of the receptive
field is either to excite (white subunit) or to inhibit (grey sub-
units). Excitatory and inhibitory receptive field subunits on the
retina are concentric. Thus the cortical receptive field shown
could be formed either from a single line of retinal receptive
fields with the retinal surrounds forming the inhibitory subunits
in the cortex (B) or from separate rows of retinal receptive fields
with centres of different sign (C).
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Comparison of receptive field maps obtained from
the 14 pairs of connected cells showed that the retinal
receptive field centre was always contained within one
of the cortical sub-regions. Unfortunately, with such a
small number of cells, it is difficult to exclude a
contribution of retinal surrounds to cortical receptive
fields. All but one of the retinal inputs detected had its
receptive field centre in the strongest sub-field of the
cortical receptive field, which leaves open the question
of how the weaker sub-fields of cortical receptive fields
are formed.
The potential role of the lateral geniculate nucleus as
an amplifier of retinal signals is revealed by analysis of
the probability that a given spike leaving the retina will
be followed by a spike in the cortex. The probability is
fairly low — about 1–2%. However, if a second spike
occurs in the retina within a few milliseconds, it is up to
four times as effective in driving the cortical cell. This
kind of increase in effectiveness has been observed
separately in transmission from retina to lateral genic-
ulate nucleus [5,7,15,16], and from lateral geniculate
nucleus to cortex [13], but the retinocortical effect is
about ten times as strong as either of the other two [4].
This massive increase in effectiveness suggests that
the multiple pathways from each retinal cell through
the lateral geniculate nucleus must reconverge in the
cortex. However, it raises two pressing questions. The
first is whether a similar amplifier is to be found in the
primate lateral geniculate nucleus, which has different
circuitry from the cat’s lateral geniculate nucleus and
in which relay cells do not outnumber retinal output
neurons to the same extent. The second is this: the
essence of an amplifier is that it can be controlled. It
must be possible to turn the signal down as well as up.
So who has their finger on the volume control in the
cat’s lateral geniculate nucleus?
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Figure 2. The pathway from retina to primary cortex.
The pathway from an individual retinal output neuron — a retinal
ganglion cells (RGC) — to the cortex involves divergence in the
lateral geniculate nucleus (LGN) through multiple pathways of dif-
ferent strengths (indicated by thickness of lines; dashed lines indi-
cate unknown strength), which could reconverge in the cortex,
specifically in the primary visual area V1. (Adapted from [4].)
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